Introduction
The molybdenum-containing hydroxylases constitute one of the three major categories of mononuclear molybdenum enzymes. In comparison with other biological hydroxylation systems they are unique in that they utilize water rather than dioxygen as the ultimate source of the oxygen atom incorporated into product, and generate rather than consume reducing equivalents in the course of turnover. Xanthine oxidase is the best studied member of this class of enzymes, principally because of its ease of isolation in substantial quantities, and is the subject of the present work. The enzyme from cow's milk is a homodimer of subunit molecular mass 150 kDa, with each subunit possessing four prosthetic groups: a molybdenum centre, two ironsulphur centres of the spinach ferredoxin variety, and one equivalent of FAD [l] . In the course of turnover, the substrate to be hydroxylated introduces reducing equivalents to the enzyme at the molybdenum centre [2] , reducing the site from MoV' to Mot". These reducing equivalents are subsequently passed to the flavin centre of the enzyme via intramolecular electron transfer, which in turn reacts with Oz to form either peroxide or superoxide, depending on the overall level of enzyme reduction.
Experiments using 2-hydroxy-6-methylpurine as substrate have demonstrated that the hydroxylation reaction proceeds through two intermediates subsequent to binding of substrate at the molybdenum centre [3] , corresponding to MO'v-product and Mov-product complexes. These intermediates exhibit absorption difference maxima (relative to oxidized enzyme) at 470 and 540 nm respectively, and the latter has been shown to correspond to the species giving rise to the well-studied Very Rapid EPR signal [4] .
Complementary work with lumazine (2,6-dihydroxypteridine), which is converted by xanthine oxidase into violapterin (2,6,7-trihydroxypteridine), have also been performed. Resonance Raman studies of the Mo"-violapterin complex generated transiently in the course of this reaction have been performed, taking advantage of the distinctive long-wavelength absorbance that arises from the chargetransfer interaction between the reduced metal and violapterin [5, 6] . Consistent with EPR studies of the Mo" species giving rise to the Very Rapid EPR signal, it has been concluded that the structure of the intermediate is best formulated as an Mo"-OR species with nascent product co-ordinated to the active-site molybdenum via the newly introduced hydroxy group. X-rayabsorption spectroscopic studies of the violapterin complex have demonstrated unambiguously that the molybdenum is in the (IV) oxidation state, and that it possesses a Mo=O group [7] .
On the basis of these and other data, the reaction mechanism shown in Figure 1 has been pro-
T h e pH-dependence of each of the chemical steps identified above is consistent with the proposed mechanism by which the Mo'v-product decays ( Figure 1) : formation of the Mov-product complex is base-catalysed (pK, > 11) and its decay acid-catalysed (pK, < 6) [8] . In addition, the pH-dependence of the formation of k,,/K, as determined from reductive half-reaction studies using xanthine as substrate has been examined. This kinetic parameter follows the reaction of free enzyme with free substrate through the formation of the first irreversible step of the reaction, formation of the MoIv-product complex. k,,,/Kd exhibits a bell-shaped pH profile, with pK, values of 6.6 and 7.4 for the ionizations associated with the ascending and descending limbs respectively (Figure 1 ). These results have been interpreted as indicating that the neutral form of substrate (pK, = 7.4) is required for Volume 25 catalysis and that an active-site base (pK, = 6.6) must be deprotonated for catalysis to proceed [8] . In order to investigate further early steps in the catalytic sequence (those upstream from the Mo'v-product complex), we have undertaken the experiments described below.
Reaction of xanthine oxidase with 2-aminopteridine-6-aldehyde
As in the case of the reaction of xanthine oxidase with lumazine, the reaction with the substrate 2-aminopteridine-6-aldehyde (which is slowly hydroxylated to the corresponding carboxylic acid) yields a transient long-wavelength intermediate ( Figure &I) , although in this case the absorbance is thought to arise from a Mo"-substrate complex rather than a M0"-product complex [9] . Consistent with this previous work, the rate constant associated with formation of this absorbance is found to exhibit hyperbolic dependence on substrate concentration, indicating that formation of the intermediate occurs via formation of a pre-equilibrium complex and that substrate binding (like product release [lo]) involves two discrete kinetic steps. The pHdependence of the kinetic parameter klI,,,lK,, ( Figure 2R) indicates that the formation of the intermediate is acid-catalysed, with a pK, of less than 6; as in the case of the reaction with xanthine, the implication is that it is the neutral form rather than the monoanion of the substrate that interacts productively with the enzyme. The very distinct difference in pH profile for kll,n/Kcl A reaction scheme for xanthine oxidase, with the pH-dependence of each step indicated Data for k,,,,/K, from reductive half-reaction studies with xanthine as substrate were simulated using pKa values of 6.6 and 7.4 and a theoretical maximal of I . I x 10' M-I.8 I . The pH-dependence of the decay of the Mol"-product complex (in the reaction of enzyme with violapterin) was fitted using a pKa of I I .4 and limiting rate constants at low and high pH of 0.39 and 19 s~ respectively. The pH-dependence of the decay of the Very Rapid EPR signal (seen in the reaction of enzyme with 2-hydro-6-methylpurine) was fitted using a pKa of 3.7 and limiting rate cons!ants at low and high p H of 7.4 and 0.002 8 -I respectively.
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Tautomerization of substrate in the course of hydroxylation
We have also investigated tautomerism in several forms of pteridines and purines relevant to the reaction mechanism of xanthine oxidase using a b
initio Density Functional Theory calculations in vacuo, and the Kirkwood/Onsager reaction field model in a high-dielectric solvent. These calculations establish the relative energies of each of several tautomeric forms of free substrate and product as well as the Mo'v-product complex. These calculations indicate that, in the course of the oxidative hydroxylation of substrate, both purines and pteridines undergo a proton shift from the pyrimidine subnucleus to the imidazole (for purines) or pyrazine (for pteridines) subnucleus where hydroxylation is occurring. In the case of xanthine, the preferred tautomer is protonated at N-1, N-3 and N-7 and is more stable than the tautomer protonated at N-1, N-3 and N-9 by approx. 63 kJlmol (15 kcal/mol). In the Mo"'-product complex, however, our in vacuo calculations indicate that the preferred tautomer is protonated at N-1, N-3 and N-9, and is more stable than the N-llN-3lN-7 tautomer by approx. 46 kJlmol (11 kcallmol). The same situation holds in high-dielectric medium (although the effects are somewhat less pronounced) and it is evident that hydroxylation of C-8 in the active site of xanthine oxidase drives a proton shift from N-3 to N-7. This shift has three principal effects: (1) compensation of the negative charge accumulating on the imidazole subnucleus of substrate in the course of the hydroxylation reaction; (2) partial transfer of negative charge from the imidazole ring (pyrazine, in pteridines) to the pyrimidine dione; (3) specifically lowering the energy of the Mo'"-product intermediate formed in the course of the reaction. T h e present results provide an explanation for the otherwise anomalous observation that methylation of N-3 in xanthine, a site remote from the hydroxylation chemistry, results in nearly complete loss of reactivity.
"0 incorporation into the molybdenum centre under single turnover conditions
As indicated above, the oxygen atom incorporated into the product is ultimately derived from water [ 113. It has been known for some time, however, that the proximal oxygen atom donor is a catalytically labile site on the enzyme which in the course of a single turnover transfers its oxygen to substrate, to be regenerated subsequently by solvent-derived oxygen before a second turnover followed by nucleophilic attack on the electrondeficient MoV*=O unit, or by base-assisted nucleophilic attack on C-8 of the substrate by the hydroxide followed by hydride transfer from C-8 to the Mo=S group (the C-8 position has also been shown to be susceptible to nucleophilic attack [19] ). In order to address this mechanistic point, we have allowed unlabelled deflavo enzyme dissolved in 170-labelled water (obtained by taking up lyophilized enzyme directly in the labelled water) to react with an excess of l-methylxanthine. Under these experimental conditions, the first equivalent of substrate reacts with the deflavo enzyme, accepting the catalytically labile oxygen from unlabelled enzyme in the course of oxidation to product. The catalytically labile site is subsequently regenerated upon completion of the catalytic sequence with (labelled) oxygen derived from solvent. On the time scale of the present experiment, the reaction now has three fates. (1) A portion of the enzyme will not have time to react with a second equivalent of substrate and the reaction will be arrested with it reduced only to the level of two electron equivalents. Under the present reaction conditions [O. 1 M N-(2-hydroxyethyl) -piperazine-N'-(3-propane sulphonic acid), pH 8.51 the electron distribution within this two-electron-reduced enzyme is heavily in favour of reduction of the two ironsulphur centres over that of the molybdenum
[ZO], and as a result this enzyme population will be EPR-silent at 150K. (2) A second portion of the enzyme, having become reduced to the level of two electron equivalents in the first turnover and possessing Mo(V1) after electron transfer to the iron-sulphur centres, reacts with a second equivalent of substrate to give fully reduced four-electron deflavo xanthine oxidase which possesses Mo(1V) -this enzyme also will be EPR-silent at 150K -to the extent that the enzyme possesses M o o and is EPR-active; however, it must have been labelled with I7O in the course of the first turnover. ( 3 ) T h e remainder of the enzyme, having also been reduced to the level of two electron equivalents in the course of the first turnover, also binds substrate in preparation for a second catalytic sequence. This enzyme population, however, possesses M o o rather than Mo(VI), and is unable to react further with substrate. T h e effect of substrate binding on the reduction potentials of the molybdenum centre is in fact such that the M o o oxidation state is significantly stabilized by substrate binding to the active site of partially reduced enzyme [10, 21] , a fact that accounts for the observed inhibition of enzyme during turnover under conditions of high substrate concentration. In the present experiment, the upshot is that approx. 25% of the functional enzyme in the reaction mixture will be trapped after the first turnover in the Mo".*-S state that gives rise to the Rapid Type 1 EPR signal when 1-methylxanthine is used as substrate. It is this form of the enzyme that is appropriate to investigate to determine whether it possesses a strongly or weakly coupled I7O nucleus.
Spectrum A in Figure 3 is the EPR spectrum observed when deflavo xanthine oxidase is allowed to react with an excess of l-methylxanthine in unlabelled 0.1 M EPPS, pH 8.5, and frozen in dry icelacetone after 1 s of reaction. The observed EPR signal is of the expected Rapid Type 1 form, exhibiting the typical doublet-of-doublets on the low-field g, feature below 0.34 T (3400 G) [2] . Spectrum B in Figure  3 is the spectrum observed when the experiment is repeated in water that is 49% enriched in 170, with a reaction time of approx. 500 ms. This spectrum is notably different from A, particularly in the g, region, where the spectral resolution is apparently poorer, and in the central portion of the spectrum where the strong positive feature in the Hl'"O sample is replaced by a considerably weaker doublet in H2I7O. Although the six-line pattern of hyperfine splitting due to the Z=g nucleus of I7O is not readily evident, the observed spectrum is indistinguishable from that observed when enzyme is exhaustively exchanged with H2I7O before generation of the EPR signal [22] ; this signal has been demonstrated to arise from a species possessing a single strongly coupled I7O nucleus, with save of approx. 1.4 m T (14 G) [22] . This hyperfine structure arising for I997 the interaction with the nuclear spin of I7O is more evident when spectrum B is corrected for the 51% I6O present in the sample (spectrum C in Figure 3) . T h e clear implication is that after a single turnover, oxygen derived from solvent has been incorporated into the molybdenum centre at a position that renders its nuclear moment strongly coupled to the unpaired electron spin of the M o o centre, and on the basis of previous work with model compounds [ 151 is unquestionably that of the Mo-OH group rather than Mo=O. We conclude that it is the Mo-0 group rather than Mo=O that is transferred to substrate in the course of the hydroxylation reaction.
It is known that reduction of the molybdenum centre gives rise to much more rapid non-catalytic exchange of oxygen in the molybdenum co-ordination sphere with solvent, and it is conceivable that under the present reaction conditions the observed incorporation of I7O into the molybdenum centre is due to this non-catalytic exchange rather than to turnover per se. In The spectrum observed (not shown) is indistinguishable from that observed in H2'('0, indicating that no solvent exchange occurs in the much longer time interval ( -5 s) between addition of dithionite and freezing used in the experiment with 1-methylxanthine. It is to be noted that the bleaching associated with enzyme reduction was apparent in the first half of this incubation period and the sample was, if anything, overreduced.
The above results provide unambiguous positive evidence supporting a mechanism in which hydroxylation catalysed by xanthine oxidase occurs via nucleophilic attack of the Mo-OH group on C-8 of the substrate (in all likelihood passing through a tetrahedral intermediate at C-8 before hydride transfer to the Mo=S of the molybdenum centre). Such a mechanism is consistent with the structure .of the molybdenum centre of xanthine oxidase, as inferred from the crystal structure of the closely related enzyme aldehyde oxidoreductase from Desulfovibrio gigas [ 16, not exchange with solvent in the course of catalysis on the basis of their inability to detect a weakly coupled I7O nucleus underneath the strongly coupled "0 observed in electron nuclear double resonance spectroscopic studies of the Very Rapid EPR signal elicited by xanthine oxidase. This observation is not surprising, however, given the intrinsically weak signature of even a strongly coupled oxygen, and the difficulty of identifymg a second more weakly coupled Volume 25 nucleus in the presence of a more strongly coupled one. T h e present work, in demonstrating oxygen exchanges into a strongly coupled site of the enzyme in the course of a single turnover, provides the first positive data in support of the Mo-OH group being the catalytically labile oxygen site in the molybdenum centre of xanthine oxidase.
Conclusions
In the present work we have investigated several aspects of early steps in the reaction mechanism of xanthine oxidase. Using the alternative substrate 2-aminopteridine-6-carboxaldehyde we find evidence that formation of the catalytically viable Michaelis complex is a two-step process, and that this process exhibits a pH-dependence consistent with preferential binding of the neutral form of the substrate rather than the monoanion. Computational work has provided evidence that a tautomerization of substrate occurs upon formation of the C-0 bond of product, with a proton shift taking place from N-3 to N-9 of the purine nucleus. This shift is strongly favourable thermodynamically, and provides an explanation for the otherwise anomalous inability of xanthine oxidase to hydroxylate purines that are methylated at N-3. Finally, we have demonstrated that under single-turnover conditions "0 is incorporated into the Mo-OH group of the molybdenum centre rather than the Mo=O, and that this group must represent the catalytically labile site of the molybdenum centre.
